The pathway by which carbon is incorporated into cell constituents during growth ofPseudomonas methanica on methane or methanol has previously been investigated by chromatographic analysis of the metabolites labelled during incubation of the organism with 14C-labelled substrates (Johnson & Quayle, 1965 This paper presents evidence that cell-free extracts of methane-grown P. methanica can catalyse the condensation of formaldehyde with ribose 5-phosphate to form allulose (psicose) phosphate. Such a reaction enables a modified pentose phosphate cycle to be constructed which may explain the net incorporation of Ci units into cell constituents by this organism.
A preliminary account of part of this work has been published (Kemp & Quayle, 1965) .
MATERIALS AND METHODS
Growth of the organism. P. methanica was grown in the medium described by Johnson & Quayle (1965) . The sterile medium (600ml.), contained in a 21. Buchner flask, was inoculated with a 10ml. sample of starter culture. The flask was then gassed with a methane+ air (50:50) mixture through a sterile cotton-wool filter, sealed and agitated by shaking on a Gyrotory shaker (New Brunswick Scientific Co., New Brunswick, N.J., U.S.A.) at 300. After D-Ribose 5-phosphate (sodium salt). The barium salt of D-ribose 5-phosphate (0.365g.) was dissolved in water (1.5ml.), the Ba2+ precipitated with 2N-H2SO4, and the supernatant neutralized with 2N-NaOH and diluted to 5ml. to give a 0-2M solution of the sodium salt in Na2SO4 soln.
Preparation of cell-free extracts. Freeze-dried cells (0.3-0-5g. dry wt.) were suspended in 3ml. of 20mM-sodium phosphate buffer, pH 7.0, crushed in a Hughes (1951) press at -25°and centrifuged at 100OOOg for 30min. at 2°.
Chemical determinations. Protein was determined by the Folin-Ciocalteu method (Lowry, Rosebrough, Farr & Randall, 1951) , pentose phosphate by the orcinol method (Horecker, Smyrniotis & Klenow, 1953) and hexulose phosphate by the cysteine-H2S04 method of Dische & Devi (1960) , with fructose as the chromogenic standard.
Chromatography and radioautography. The methods of chromatography, radioautography, identification oflabelled compounds and radioassay were as described by Large, Peel & Quayle (1961) . Some chromatograms were developed one-dimensionally with the solvent system of Kornberg (1958) : phenol-90% (w/v) A.R. formic acid-water (500:13:167, w/v/v). Phosphates were dephosphorylated with an acid phosphatase that had been purified from Polidase S (Schwartz Laboratories Inc., Mount Vernon, N.Y., U.S.A.) by precipitation with (NH4)2SO4 according to the method of Cohen (1953) .
Identification of radioactive sugars eluted from the chromatograms was achieved by co-chromatography with authentic samples in the same solvent systems as were used in the initial chromatography and also in ethyl acetate-acetic acid-water (9:2:2, by vol.) (Gibbins & Simpson, 1964) and in butan-l-ol-pyridine-water (10:3:3, by vol.) (Hough & Stacey, 1963) . The radioactivity was revealed by radioautography and the sugars were located by spraying, using the following reagents: reducing sugars by spraying first with AgNO3 in aq. acetone, followed by 0 5N-NaOH in aq. ethanol (Trevelyan, Procter & Harrison, 1950) ; aldose sugars by spraying with a solution of aniline (0-9ml.) and phthalic acid (1.7g.) in 100ml. of watersaturated butan-l-ol, followed by heating at 1050 (Partridge, 1949) ; ketose sugars by spraying with a solution of orcinol (0.5g.) and trichloroacetic acid (15g.) in 100ml. of water-saturated butan-l-ol, followed by heating at 1000 (Klevstrand & Nordal, 1950) ; hexuloses by spraying with 1% (w/v) naphtharesorcinol in ethanol-2N-HCl (1:9, v/v) (Forsyth, 1948) , followed by heating at 900 for 10min.
Evaporation of samples to small volumes was carried out at 400 and approx. 30mm. Hg pressure in a Rotary Evapo-Mix (Buchler Instruments, New York, N.Y., U.S.A.).
Measurement of radioactivity. The radioactivity on paper chromatograms was assayed with a mica end-window Geiger-Muller tube (type 2B2; General Electric Co.).
Radioactive compounds plated on aluminium disks (1 in.
diam.) were assayed in a Panax lead 'castle' assembly, with an end-window Geiger-Muller tube (type EHM2S). At least 1000 counts were recorded and corrections for background were made.
Preparation and recrystallization of osazones. The unknown radioactive compound UA (see the Results section) was mixed with authentic allulose and derivatives were prepared from the resulting solution.
(1) Phenylosazone: allulose (25mg.) plus radioactive unknown, sodium acetate (75mg.) and phenylhydrazine hydrochloride (75mg.) in water (2ml.) were heated on a boiling-water bath for 2hr. The product was collected by filtration, washed with water and recrystallized from aq. 40% (v/v) ethanol (Hough & Stacey, 1963) . (2) Dinitrophenylosazone: allulose (25mg.) plus radioactive unknown and 2,4-dinitrophenylhydrazine (75mg.) in 2N-HCl (5ml.) were heated in a stoppered tube in an oven at 1000 overnight. The precipitate was collected by filtration, washed with water and recrystallized from 2-methoxyethanol (Neuberg & Strauss, 1946) . The precipitate at each stage was dried and dissolved in the solvent used for recrystallization to give a concentration of 10mg./ ml. A 0-1ml. sample was plated on an aluminium disk
(1 in. diam.) and the radioactivity assayed.
Oxidation ofsugars with bromine water. The sugar (200,ug.) was dissolved in 0-5ml. of 0-lM-sodium acetate buffer, pH5-5, and treated with 0-2ml. of bromine water (0-4%, v/v) at 370 for 20min. (Horecker, Smyrniotis & Seegmiller, 1951 (Horecker et al. 1953 ) and a 0-2ml. sample for hexulose phosphate determination (Dische & Devi, 1960) . Incorporation of radioactivity was determined by chromatographing 0-5ml. of the mixture one-dimensionally in phenol-formic acid-water and assaying the radioactivity in the phosphate area of the chromatogram. These phosphate areas were eluted, dephosphorylated with phosphatase from Polidase and rechromatographed two-dimensionally.
The sugar phosphates present in the original incubation mixtures were also analysed by a method similar to that used by Gibbins & Simpson (1964) . In this method, the pH of 1 ml. [14C] formaldehyde. Radioactivity was fixed into non-volatile compounds; these products were analysed by chromatography and radioautography (Table 1) . The complete system, with either tracer compound, fixed much more radioactivity into the area expected for sugar phosphate than did the controls. This area included the chromatogram origin. When these areas were eluted from the chromatograms prepared from the complete systems, treated with an acid phosphatase and rechromatographed, much of the radioactivity appeared as two spots in the region characteristic of free sugars. These two unknown compounds are designated UA and UB. Considerable radioactivity remained near the origin. When these origin areas were eluted, again treated with phosphatase and rechromatographed, more of the radioactivity appeared in UA and UB. This indicates that much of the radioactivity remaining in the origin area of the first chromatogram was probably contained in sugar phosphate that had not been hydrolysed by the Polidase preparation. The incompleteness of action of Polidase S may have been due to the use of substrate amounts of sugar phosphate, instead of the tracer amounts that are usually involved in the use of this technique. The use of more Polidase, however, impaired the subsequent chromatography.
Identification of the reaction producte. (Fig. 1 ).
This identification has been confirmed as follows: (1) One-dimensional chromatography of UA with authentic allulose in two further solvent systems, ethyl acetate-acetic acid-water (9:2:2, by vol.) and butan-l-ol-pyridine-water (10:3:3, by vol.).
(2) Bromine water, in a buffered solution, oxidizes aldoses to aldonic acids, but leaves ketoses essentially unchanged (Horecker et al. 1951) ; when UA and 200,ug. of authentic allulose were treated with bromine water as described in the Materials and Methods section and then chromatographed, the (Fig. 1) . As a further check, UA tions (twofold or less) were shown in tubes to which D-2-deoxyribose 5-phosphate and ribulose 1,5-diphosphate had been added. However, when these radioactive areas were eluted, treated with phosphatase and rechromatographed one-dimensionally in phenol-formic acid-water, no significant amount of radioactivity was found in the area of the chromatogram characteristic of free sugars. Radioactive sugars were observed only when ribose All the available evidence reported in this paper indicates that this condensation catalysed by extracts of P. methanica leads mainly to the formation of allulose phosphate (presumably the 6-phosphate). Hamamelose has chromatographic properties so similar to those of allulose that it would be difficult to rule its formation out by chromatography alone. However, the evidence that the product is a ketose rather than an aldose eliminates this possibility. If the true substrate for the reaction were formed in the crude extract by prior epimerization of ribose 5-phosphate at positions 2, 3 or 4, the products expected would be hexoses whose chromatographic co-ordinates, insofar as they are known, are not consistent with those of UA. Not all of the theoretical possibilities of the nature of the reaction product, such as those resulting from the migration of the carbonyl group to positions 3 or 4 of the pentose skeleton before condensation, or rearrangement of the pentose skeleton, have been eliminated in this study. They are less likely to occur than that leading to allulose and would lead to rather recondite intermediary metabolism, no evidence for which has been obtained from whole-cell work with tracers.
Chemical study ofsubstrate amounts ofthe product, here identified as allulose phosphate, is needed to resolve any remaining uncertainties.
D-Allulose has been isolated previously from natural sources. It occurs in the antibiotic 6-amino-9-D-psicofuranosylpurine (Schroeder & Hoeksema, 1959) and as a component of plants of Itea species (Hough & Stacey, 1963) . Epimerization of allulose 6-phosphate to fructose 6-phosphate has been implicated in the conversion ofD -allose into fructose 6-phosphate by allose-grown Aerobacter aerogenes (Gibbins & Simpson, 1964) .
The overall condensation reaction (1) This is a familiar type of reaction catalysed by enzymes involving TPP* as coenzyme (Holzer, 1961) . In such reactions one molecule of aldehyde is combined with TPP to form a complex in which the carbonyl carbon atom of the aldehyde is rendered strongly nucleophilic. This then condenses with the acceptor aldehyde to form the acyloin (reaction 2).
It has been shown that a corresponding formaldehyde derivative of TPP is formed during decarboxylation of glyoxylate by pyruvate oxidase obtained from pig heart muscle (Kohlhaw, Deus & Holzer, 1965 carboligase (Kohlhaw et al. 1965; Jaenicke & Koch, 1962 It is unlikely that the equilibrium of an isomerization reaction between altrose phosphate and allulose phosphate would be in favour of the ketose, as the equilibrium of the similar isomerization between glucose 6-phosphate and fructose 6-phosphate lies towards the aldose. Thus, even if the first product of the condensation were altrose phosphate, the presence of an altrose phosphate isomerase enzyme in the crude extract would not be expected to lead to the predominant formation of allulose phosphate.
If indeed the acyloin condensation does proceed through TPP as a coenzyme, then it would seem more likely that the nucleophilic component would be a novel ribose 5-phosphate-TPP complex, which might condense with a formaldehyde acceptor to give allulose phosphate (reaction 4). Fractionation of the enzyme system is clearly needed for investigation of the mechanism of the reaction. To date, no stimulation of the reaction has been observed on addition of common cofactors, including TPP, to the incubation mixture.
The overall reaction has obvious implications in the problem of biosynthesis of cell constituents from methane or methanol by P. methanica (Kemp & Quayle, 1965 (Dworkin & Foster, 1956; Harrington & Kallio, 1960; Brown, Strawinski & McCleskey, 1964; Johnson & Quayle, 1964 ) that microbial oxidation of methane or methanol proceeds via formaldehyde. Condensation of formaldehyde with ribose 5-phosphate to give allulose 6-phosphate, followed by epimerization at C-3 to give fructose 6-phosphate, opens the possibility of constructing a modified pentose phosphate cycle, as in Scheme 1. This cycle would result in synthesis of triose phosphate from 3mol. of formaldehyde and lmol. of ATP. (Kaneda & Roxburgh, 1959) .
